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We constructed rib waveguides from GaP material using an inductively coupled plasma reactive ion
etching technique based on Ar /Cl2 gas application. We obtained a waveguide with a rib height of
200 m. Terahertz-wave generation from the GaP-crystal rib waveguides was demonstrated via
collinear phase-matched difference-frequency mixing of near-infrared light. The terahertz output
peak corresponding to the fundamental modes appeared around 0.75 THz for a 1-mm-wide rib
waveguide. The position of the fundamental mode shifted to 1.32 THz for a 200-m-wide
waveguide, which is attributable to the two-dimensional confinement of the terahertz waves in the
waveguide. The conversion efficiency was enhanced in the rib waveguide compared to that in both
slab waveguides and bulk GaP crystals. © 2009 American Institute of Physics.
DOI: 10.1063/1.3094012
I. INTRODUCTION
In recent years, a great deal of interest has been gener-
ated to the development of terahertz-wave sources because of
their promising potential for many important applications,
such as terahertz spectroscopy for the identification of bio-
molecules and terahertz imaging for medical diagnosis.1–3 A
variety of terahertz-wave sources have been developed for
these applications, and most sources are based on the use of
photoconductive antennas,4–6 quantum-cascade lasers,7 or
nonlinear optical effects such as difference-frequency mixing
DFM,8–18 optical parametric oscillations,19 and optical
rectification.20,21 In particular, the DFM technique can pro-
duce tunable and narrow linewidth nanosecond-pulsed tera-
hertz waves, as well as cw IR lasers,12 at room temperature.
Several nonlinear optical materials e.g., GaP,8–15 GaSe,16
LiNbO3,17 and 4-dimethylamino-N-methyl-4-stilbazolium
tosylate DAST18 have been used for terahertz-wave gen-
eration through the DFM technique. GaP crystals have low
second-order nonlinear susceptibility d36=24.8 pm /V
Ref. 22 in the terahertz region. However, GaP crystals are
attractive for coherent terahertz-wave generation because of
low absorption coefficients in both the terahertz region 
3 cm−1 at 1 THz and the IR range 0.1 cm−1 at
1.064 m.23 Our previous work demonstrated the genera-
tion of terahertz waves using bulk GaP crystals under a
small-angle noncollinear phase-matched DFM scheme, but
thus far the conversion efficiency achieved is still low, i.e.,
7.510−13 W−1.9–11 An efficient terahertz source is required
for improvements in the signal-to-noise ratios in terahertz-
wave spectroscopic and imaging systems.
One of the most promising methods to enhance the tera-
hertz conversion efficiency under DFM operates by increas-
ing the power density of the incident IR beams. Terahertz-
wave power enhancement can be achieved by decreasing the
beam-spot size of the incident beams at a constant beam
power. However, terahertz waves generated inside the crystal
diffract when the beam diameter is close to the operating
wavelength. This diffraction problem causes a limitation to
the enhancement in the terahertz-wave power because of the
small spatial overlap between the incident beam and the
terahertz-wave generated near the end face of the crystal.
One way to solve the diffraction problem is to use the wave-
guide effect on size scales in the order of the terahertz wave-
length itself. Terahertz waveguides confine terahertz waves
and enhance nonlinear optical interactions between the tera-
hertz waves and the incident IR beams.24–26 The phase-
matching condition can be satisfied in a collinear configura-
tion by using the modal dispersion in the terahertz-frequency
regime. Collinear interactions between the terahertz waves
and the incident beams can be kept at a large spatial overlap
along the waveguide direction. Semiconductor Raman lasers
and amplifiers have also been demonstrated as suitable de-
vices for exploitation of the waveguide effect. They allow for
a sizable decrease in the threshold pump power which can
be as low as 50 mW and a Raman gain of g=12.3
10−8 W cm−1 through the confinement of the phonon
mode restricted within the GaP waveguides.27,28 In this pa-
per, we demonstrate terahertz-wave generation using a col-
linear phase-matched DFM scheme based on GaP rib
waveguides.
II. EXPERIMENTAL SECTION
We designed waveguides with rib widths, w, of 1 mm,
500 m, 300 m, and 200 m. A rib height greater than
100 m is required to realize two-dimensional confinement
of the terahertz waves in the waveguide. We used inductively
coupled plasma reactive ion etching ICP-RIE to obtain
deep etching on a GaP substrate. We also used a XP KMPR-aElectronic mail: tanabet@material.tohoku.ac.jp.
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1025 thick photoresist Kayaku Microchem Co. Ltd. as a
soft mask during the RIE process. We constructed the rib-
waveguide structures on a semi-insulating 350-m-thick
GaP substrate. The photoresist is spin coated on the GaP
substrate with a thickness of 40 m and patterned using UV
exposures i-line. We used a Cl2+Ar recipe in the ICP-RIE
process with an etch rate as high as 2 m min−1 and ob-
tained a waveguide with a rib height of 200 m. The sample
was cleaved into a 1010 mm2 rectangle along the 110
crystal direction.
A 1064-nm Q-switched Nd:YAG yttrium aluminum gar-
net laser 11 ns pulse duration, 90 MHz linewidth, and 10
Hz repetition rate was used as the signal light for the DFM
technique, and a 355 nm third-harmonic beam was used to
pump a -BaB2O4-based optical parametric oscillator OPO
6 ns pulse duration and 6 GHz linewidth. The OPO wave-
length was tuned in the 1058–1063 nm range, which corre-
sponds to a frequency difference of between 0.4 and 1.6
THz. The input beams were focused to a diameter of 300 m
at the incident surface of the waveguide, and the spot sizes of
the incident beams were measured by a beam profiler.
Terahertz-wave generation was carried out under collinear
phase-matching conditions. The generated wave was col-
lected by a polyethylene lens and detected by a liquid
helium-cooled Si bolometer. The polarizations of the pump
and signal beams were set parallel to the 001 and 110
crystal directions of the GaP waveguide, respectively, to gen-
erate TE-mode terahertz waves in the GaP rib waveguides.
III. RESULTS AND DISCUSSION
Figure 1 shows terahertz-wave output characteristics
from the GaP rib waveguides of various widths. The inset in
Fig. 1 illustrates scanning electron microscope SEM pho-
tograph of the 300-m-wide rib waveguide. Terahertz-wave
generation was carried out under collinear phase-matched
DFM in the waveguides. The YAG and OPO input beams
were attenuated to both 5.4 and 10 kW in order to escape the
laser damage to the waveguide surface. The generated tera-
hertz waves were TE polarized for each waveguide width by
means of a wire-grid polarizer. For a 1-mm-wide waveguide,
the output peak frequencies appeared at around 0.75 and 1.17
THz. The lowest frequency of 0.75 THz originated from a
fundamental propagation mode in the rib waveguide, and the
higher frequency of 1.17 THz was due to a higher-order
mode. Note that the output power of the 0.75 THz wave was
greater than that of the 1.17 THz peak. This suggests that a
strong interaction occurs in the waveguide between the inci-
dent IR beams characterized by Gaussian profiles and the
fundamental mode of the terahertz wave. The fundamental
peak position in the 200-m-wide waveguide was shifted to
around 1.32 THz, and the output power was three times
greater than that from the 1-mm-wide waveguide.
The shift in peak-frequency position of the fundamental
propagation mode can be explained theoretically as follows.
The peak positions for the fundamental mode observed in
Fig. 1 are plotted as a function of rib width in Fig. 2. The
calculated results, shown as solid lines in Fig. 2, are obtained
by considering the phase-matching condition for DFM be-
tween the incident IR beam and the generated terahertz
wave. The phase-matching condition in the rib waveguides is
expressed as
np
p
−
ns
s
=
neff·THz
THz
, 1
where ni i= p, s, or eff·THz correspond to the refractive
index of the pump, signal, and guided terahertz wave, re-
spectively. To estimate neff·THz for the fundamental TE-like
mode, we divide the rib waveguide into rib I and cladding
II regions on the basis of the effective-index method.29 We
consider the wave confinement along the direction of the
waveguide thickness for each region. The effective index of
each region NI and NII is estimated based on the following
equation:
FIG. 1. Frequency dependence of the terahertz power for GaP rib
waveguides with widths of 1 mm, 500 m, 300 m, and 200 m. The
inset shows SEM photograph of the 300-m-wide rib waveguide.
FIG. 2. Measured fundamental-mode frequency as a function of waveguide
width, w. The solid line traces the theoretical value, and the inset shows the
calculated results for the modal-dispersion relationships of the propagation
mode in the rib waveguides.
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tj
THz
=
1
nTHz2 − Nj2
tan−1 Nj2 − 1
nTHz
2
− Nj
2 , 2
where tj j=I or II is the thickness of the rib tI
=350 m and the cladding region tII=150 m, respec-
tively, and nTHz is the refractive index of the bulk GaP ma-
terial at terahertz frequencies nTHz=3.34 at 1 THz.22 We
can treat the rib waveguide as a symmetric slab waveguide
along the lateral direction of the rib width, w. neff·THz is de-
termined from
w
THz
=
1
N12 − neff·THz2
tan−1	NI2
NII
2neff·THz2 − NII2NI2 − neff·THz2 
 . 3
We calculated neff·THz for various rib widths as a function of
terahertz-wave frequency, as shown in the inset of Fig. 2.
The dotted line indicates the refractive index required for
phase matching, as calculated from Eq. 1. The phase-
matching condition is satisfied at the intersection of the
modal-dispersion curve neff·THz and the dotted line. By re-
ducing the waveguide width, the effective index decreases at
a fixed frequency because of the lateral confinement of the
terahertz wave. For example, neff·THz=3.305 for the 1-mm-
wide waveguide at 0.8 THz, which changes to 3.260 for a
width of 200 m. The shifts of the fundamental peak to
higher frequencies are due to changes in the modal disper-
sion for the terahertz wave.
Terahertz-wave power enhancement can be obtained by
decreasing the beam-spot area of the incident beams. Figure
3 shows the terahertz-wave output power achieved from the
rib waveguides and a 10-mm-long bulk GaP crystal as a
function of the incident beam area, S. The peak power of
YAG and OPO were 4.5 and 8.3 kW, respectively. For the
bulk GaP material, the terahertz wave was generated under
noncollinear phase-matching conditions at different frequen-
cies 1.10 and 1.32 THz, corresponding to the terahertz-
wave frequencies generated by the 300- and 200-m-wide
waveguides, respectively. The terahertz-wave power en-
hancement in the bulk GaP material saturated when S was
less than 3.810−4 cm2 corresponding to a diameter of
200 m. Meanwhile, the terahertz-wave power generated
by the 300- and 200-m-wide rib waveguides was six and
five times higher, respectively, than that from the bulk GaP
crystal and increased even though S was less than 3.8
10−4 cm2. The generated terahertz power from the
300-m-wide waveguide was proportional to S−0.35 from S
=7.06 to 1.2210−4 cm2 for beam diameters from 300 to
125 m and S−0.12 from S=1.2 to 0.4410−4 cm2 for
beam diameters from 125 to 75 m. The terahertz power
generated by the 200-m-wide waveguide was proportional
to S−0.17 from S=3.14 to 0.4410−4 cm2 for beam diam-
eters from 200 to 75 m. The deviation of the x exponent
of the S−x function from 1 is due to the multiphoton absorp-
tion as well as the reduction in overlapping completeness
between near-IR NIR and terahertz wave. The terahertz-
wave power from the rib waveguides was enhanced across
the entire measured range because the waveguides confine
the generated terahertz waves both horizontally and verti-
cally. This waveguide confinement reduces the diffraction
problem and enables us to maintain the large spatial overlap
with the incident beams. The waveguide effect in the rib
structure can therefore support coherent terahertz-wave gen-
eration.
The conversion efficiency for terahertz-wave generation
from the GaP rib waveguides with widths of 300 and
200 m was estimated from the experimental results, which
are shown in Fig. 4. The experimental values for the bulk
crystal and slab waveguides with thicknesses of 290 and
160 m are also displayed in this figure for reference. The
conversion efficiencies of the terahertz waves obtained from
the 300- and 200-m-wide rib waveguides were 1.4
10−10 and 1.910−10 W−1, respectively, which are seven
and eight times greater than those obtained from the bulk
crystal. The rib waveguides illustrate the possible enhance-
ment of the terahertz-wave conversion efficiency compared
to that from slab waveguides and the bulk crystal enabled by
the two-dimensional confinement of the terahertz waves in
the rib waveguide.
FIG. 3. The terahertz-wave output power obtained from the 300- and
200-m-wide waveguides as a function of the incident beam area, S. The
experimental results obtained from a bulk GaP crystal are also shown in this
figure for comparison.
FIG. 4. Conversion efficiency for terahertz-wave generation in rib
waveguides with widths of 300 and 200 m. The experimental values ob-
tained from GaP slab waveguides and GaP bulk crystal are displayed for
reference.
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IV. CONCLUSION
GaP-crystal waveguides with a rib height of 200 m
were constructed using an ICP-RIE technique based on
Ar /Cl2 gas application. Terahertz-wave generation was dem-
onstrated using the GaP rib waveguides via DFM of NIR
light under collinear phase-matching conditions. The tera-
hertz output peak derived from the fundamental modes ap-
peared at around 0.75 THz for the 1-mm-wide rib wave-
guide, and the position of the fundamental mode shifted to
1.32 THz for the 200-m-wide waveguide. The terahertz-
wave power scaling in the rib waveguides was investigated
by reducing the incident beam area. Terahertz-wave power
generated from rib waveguides was enhanced because the rib
waveguides can confine terahertz waves two-dimensionally
and reduce the diffraction problem. The conversion effi-
ciency for terahertz-wave generation in the rib waveguides
improved significantly compared to that in slab waveguides
and bulk crystal.
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